Gene-dosage-sensitive genetic interactions between inversus viscerum (iv), nodal, and activin type IIB receptor (ActRIIB) genes in asymmetrical patterning of the visceral organs along the left-right axis.
We have shown previously that mice deficient in the activin type IIB receptor (ActRIIB) exhibit right isomerism, which is characterized by mirror-image symmetrical right lungs, complex cardiac malformations, and hypoplasia of the spleen. These observations led us to hypothesize that the signaling of a TGF-beta family member by means of ActRIIB is necessary for the determination of the left-sidedness of the visceral organs. To test this hypothesis, we examined laterality defects in mice carrying mutations in both ActRIIB and inversus viscerum (iv) genes, because iv(-/-) mice display a spectrum of laterality defects, including situs inversus, right isomerism, and left isomerism. We found that all mice homozygous for both iv and ActRIIB mutations displayed the right isomerism. The phenotype of right isomerism in the double mutants was also more severe than that in ActRIIB(-/-) mice as shown by persistent left inferior vena cava, right atrial isomerism, and hypoplasia of spleen. Interestingly, the incidence of right isomerism also increased significantly in iv(-/-);ActRIIB(+/-) and iv(+/-);ActRIIB(-/-) mice compared with homozygous mice carrying either of single gene mutations. A mechanism of the genetic modulation between ActRIIB and iv genes may be that iv modulates the asymmetric expression of a TGF-beta family member that signals through activin type II receptors, ActRIIA and ActRIIB, to specify the "left-sidedness." Nodal is the most likely candidate. We show here that the penetrance and severity of the right isomerism is significantly elevated in nodal(+/-); ActRIIB(-/-) mice, compared with ActRIIB(-/-) mice. Furthermore, the chimeric mice derived from nodal(-/-) ES cells displayed right isomerism, indistinguishable from that in (iv(-/-);ActRIIB(-/-)) mice. We propose that iv functions to establish asymmetric expression of nodal in a gene-dosage-sensitive manner and that nodal signals through the activin type II receptors to specify the left-sidedness by means of a threshold mechanism.